We propose a new scheme to generate single-sideband (SSB) photonic vector millimeter-wave (mm-wave) signal adopting asymmetrical SSB modulation enabled by a single in-phase/ quadrature (I/Q) modulator. The driving signal for the I/Q modulator is generated by software-based digital signal processing (DSP) instead of a complicated transmitter electrical circuit, which significantly simplifies the system architecture and increases system stability. One vector-modulated optical sideband and one unmodulated optical sideband, with different sideband frequencies, located at two sides of a significantly suppressed central optical carrier, are generated by the I/Q modulator and used for heterodyne beating to generate the electrical vector mm-wave signal. The two optical sidebands are robust to fiber dispersion and can be transmitted over relatively long-haul fiber. We experimentally demonstrate the generation and transmission of 4-Gbaud 80-GHz quadrature-phase-shift-keying-modulated (QPSK-modulated) SSB vector mm-wave signal over 240-km single-mode fiber-28 without optical dispersion compensation. Recently, there has been ever-increasing research interest in applying W-band (75 GHz-110 GHz) millimeter-wave (mm-wave) with large available bandwidth and spectral-efficient vector signal modulation into radio-over-fiber (RoF) systems, in order to meet the large-capacity demands of emerging mobile data communication [1] [2] [3] [4] [5] [6] [7] . Lots of experimental demonstrations on W-band photonic vector mm-wave signal generation have been reported employing precoding-assisted photonic frequency multiplication schemes based on a single electro-optic intensity modulator or phase modulator [8] [9] [10] [11] [12] . These schemes provide high-stability, high-purity vector mm-wave signal generation, and also significantly reduce the requirement of transmitter component bandwidth. In these schemes, however, the adoption of precoding significantly reduces the Euclidean distance of transmitter constellation and thus restricts system performance, particularly for those systems with larger frequency multiplication factors and/or higher-level modulation formats. Moreover, reachable fiber transmission distance is relatively short, since the two optical sidebands used for heterodyne beating both carry signal and are thus sensitive to fiber dispersion due to walk-off effect.
Recently, there has been ever-increasing research interest in applying W-band (75 GHz-110 GHz) millimeter-wave (mm-wave) with large available bandwidth and spectral-efficient vector signal modulation into radio-over-fiber (RoF) systems, in order to meet the large-capacity demands of emerging mobile data communication [1] [2] [3] [4] [5] [6] [7] . Lots of experimental demonstrations on W-band photonic vector mm-wave signal generation have been reported employing precoding-assisted photonic frequency multiplication schemes based on a single electro-optic intensity modulator or phase modulator [8] [9] [10] [11] [12] . These schemes provide high-stability, high-purity vector mm-wave signal generation, and also significantly reduce the requirement of transmitter component bandwidth. In these schemes, however, the adoption of precoding significantly reduces the Euclidean distance of transmitter constellation and thus restricts system performance, particularly for those systems with larger frequency multiplication factors and/or higher-level modulation formats. Moreover, reachable fiber transmission distance is relatively short, since the two optical sidebands used for heterodyne beating both carry signal and are thus sensitive to fiber dispersion due to walk-off effect.
Lin et al. proposed and experimentally demonstrated photonic vector mm-wave signal generation adopting optical single-sideband (SSB) modulation enabled by an in-phase/ quadrature (I/Q) modulator, in which one unmodulated optical sideband and one modulated optical sideband are used for heterodyne beating [13, 14] . The scheme avoids transmitterbased precoding, and can realize relatively long-haul fiber transmission because of the employment of optical SSB modulation to overcome walk-off effect in fiber. However, in this scheme, the driving signals for the I/Q modulator are generated in the electrical domain, which requires a very complicated transmitter electrical circuit. Moreover, reflection effect may occur in the electrical circuit and restrict system stability and performance. Also, in the experimental demonstration based on this scheme, the mm-wave carrier frequency is limited (no more than 60 GHz), since the unmodulated and modulated sidebands used for heterodyne beating have the same sideband frequency, and only frequency doubling can be realized.
In this Letter, we propose what we believe is a novel and simple photonic vector mm-wave signal generation scheme adopting optical asymmetric SSB (ASSB) modulation through the use of an I/Q modulator. Software-based digital signal processing (DSP), instead of a complicated transmitter electrical circuit, is used to generate the driving signal for the I/Q modulator, which significantly simplifies the system architecture and increases system stability compared to the scheme proposed by Lin et al. [13, 14] . The I/Q modulator output has one vector-modulated optical sideband and one unmodulated optical sideband, with different sideband frequencies, located at two sides of the significantly suppressed central optical carrier. Adopting our proposed scheme, we experimentally demonstrate photonic generation of 4-Gbaud 80-GHz quadrature-phase-shift-keying-modulated (QPSK-modulated) SSB vector mm-wave signal based on the combination of 38-GHz QPSK-modulated lower sideband (LSB) and 42-GHz unmodulated upper sideband (USB), which can be delivered over 240-km single-mode fiber-28 (SMF-28) without optical dispersion compensation and 20-cm wireless distance, with a bit-error ratio (BER) less than the hard-decision forwarderror-correction (HD-FEC) threshold of 3.8 × 10 −3 . Figure 1 shows the principle of our proposed photonic vector mm-wave signal generation scheme adopting optical ASSB modulation enabled by an I/Q modulator. At the transmitter side, a pseudorandom binary sequence (PRBS) with a certain length is vector modulated and low-pass filtered to generate a baseband vector signal, which can adopt various kinds of vector modulation formats, including QPSK, 8-ary quadrature amplitude modulation (8QAM), 16QAM, and 64QAM, and so on. As we know, when we remove the positive or negative spectrum of a real sinusoidal radio-frequency (RF) source by the Hilberttransform phasing method, a complex sinusoidal RF source with one-sided spectrum can be attained and is typically used for SSB modulation [15] [16] [17] [18] . Thus, after mixing with a complex sinusoidal RF source at negative frequency −f s1 , the baseband vector signal is linearly upconverted to a LSB vector signal located at carrier frequency −f s1 . Next, the real and imaginary parts of the LSB vector signal are added with the real and imaginary parts of a complex sinusoidal RF source at positive frequency f s2 , respectively. Then, the real and imaginary summations are sent into the I and Q input ports of a digital-toanalog converter (DAC), respectively. f s1 and f s2 can be equal or unequal. The operations before the DAC are all performed by software-based DSP.
Next, the electrical I and Q outputs of the DAC are used to drive the I and Q ports of an I/Q modulator, respectively. A free-running laser source offers a continuous-wave (CW) lightwave at frequency f c for the optical input port of the I/Q modulator. As we know, a SSB electrical signal can be linearly converted to a SSB optical signal when its real and imaginary parts are used to drive an I/Q modulator [15] [16] [17] [18] . We can consider that, in our proposed scheme, it is the real and imaginary parts of the linear combination of one SSB electrical signal and one SSB electrical carrier that are used to drive the I/Q modulator, which leads to simultaneous linear conversion of the SSB electrical signal and the SSB electrical carrier to optical domain. Thus, by properly adjusting the DC biases of the I/Q modulator, the optical output of the I/Q modulator can be a vector-modulated optical LSB at frequency f c − f s1 and an unmodulated optical USB at frequency f c f s2 with a significantly suppressed central optical carrier at frequency f c , which we define as optical ASSB modulation when f s1 and f s2 are unequal. Here, it is worth noting that the I/Q modulator has three independent DC biases, since it is actually composed of two intensity modulators (IMs) and one phase modulator (PM) [15] . In our following experiment, we adjust the three DC biases of the I/Q modulator by two steps. In the first step, we adjust the three DC biases to ensure that the two IMs have a minimum output optical power and the PM has a π∕2 phase shift. Then, in the second step, we fix the DC bias of the PM and appropriately adjust the DC biases of the two IMs to ensure that in the output of the I/Q modulator the central optical carrier is suppressed as much as possible. The generated optical ASSB signal is then upconverted by a single-ended photodiode (PD) to an electrical vector mm-wave signal at frequency (f s1 f s2 ). In our proposed scheme, we can also use USB to carry vector signal when LSB is kept unmodulated. The generated optical ASSB signal is robust to fiber dispersion effects and can be transmitted over relatively long-haul fiber, since only one sideband carries signal [19] . Figure 2 gives the experimental setup for the generation and fiber-wireless-integration transmission of 4-Gbaud 80-GHz QPSK-modulated SSB vector mm-wave signal based on our proposed scheme. At the transmitter side, the DSP operation before the 92-GSa/s DAC with 16-GHz 3-dB electrical bandwidth is implemented by MATLAB programming. Here, the PRBS length is 2 9 . A 4-Gbaud baseband vector signal adopting QPSK modulation is linearly converted to a LSB vector signal located at −38 GHz carrier frequency, the calculated spectrum of which is given by Fig. 2(a) . Figure 2(b) gives the calculated spectrum of the USB digital carrier at 42 GHz. Figure 2(c) gives the calculated spectrum of the I input of the 92-GSa/s DAC. The amplified I and Q outputs of the 92-GSa/s DAC are used to drive an I/Q modulator with 32-GHz optical bandwidth, which modulates a CW lightwave at 1552.524 nm generated from an external cavity laser (ECL) with <100 kHz linewidth and 13-dBm output power. The output optical power of the I/ Q modulator is −24 dBm. A large insertion loss of over 37 dB is caused by the limited 32-GHz optical bandwidth of the I/Q modulator, which is evidently insufficient for our 38-and 40-GHz carrier frequencies. Although the 92-GSa/s DAC has an output amplitude of 800 mV at low frequencies, such as 10 GHz, its output amplitude is only about 100 mV at 38 GHz or 42 GHz, because of its evidently insufficient 16-GHz 3-dB electrical bandwidth. After RF amplifiers, the amplified I and Q outputs of the 92-GSa/s DAC have 3-V amplitude. Figure 2(d) gives the measured output optical spectrum (0.02-nm resolution) of the I/Q modulator, showing a QPSK-modulated optical LSB and an unmodulated optical USB spaced by 38 GHz 42 GHz 80 GHz. We can see that the central optical carrier cannot be fully suppressed, and the power ratio of the sideband to the central carrier is only about 20 dB. The main reason is still the bandwidth limitation of the I/Q modulator. The half-wave voltage at 38 GHz or 40 GHz for this I/Q modulator is very high, and it will be over 10 V. We cannot get the full driving voltage because the driving RF amplitude is only 3 V, as aforementioned. Next, the generated 80-GHz optical ASSB signal is transmitted over one span or three spans of 80-km SMF-28 without optical dispersion Letter compensation. It is worth noting that the 80-GHz optical ASSB signal is first boosted by an erbium-doped fiber amplifier (EDFA) to 10 dBm before it is sent into each span of 80-km SMF-28. Figure 2 (e) gives the measured optical spectrum (0.02-nm resolution) after 80-km SMF-28 transmission.
After being boosted by another EDFA, the received 80-GHz optical ASSB signal is upconverted to an 80-GHz QPSKmodulated electrical mm-wave signal by a W-band singleended PD with 90-GHz optical bandwidth. The variable optical attenuator (VOA) before the PD is used to adjust the input power into PD for BER measurement. After being amplified by a W-band electrical amplifier (EA) with 30-dB gain and 3-dBm saturation output power, the generated 80-GHz electrical mm-wave signal is radiated by a W-band horn antenna (HA) into air space, and then received by another identical HA. The two HAs with a high directionality are separated by 20 cm and each has a 25-dBi gain. At the wireless receiver side, the received 80-GHz mm-wave signal is downconverted by a 75-GHz sinusoidal RF source and a commercial balanced mixer into a 5-GHz intermediate-frequency (IF) signal, which passes through a low-noise amplifier (LNA) and is then captured by a 160-GSa/s real-time digital storage oscilloscope (OSC) with 65-GHz electrical bandwidth. The transmitter data can be recovered from the 5-GHz IF signal after offline DSP, including downconversion, constantmodulus-algorithm (CMA) equalization, carrier recovery, and BER calculation [20] . Figure 3 gives the measured BER versus the input power into PD for 4-Gbaud 80-GHz mm-wave signal in five different scenarios: (1) without both fiber and wireless transmission, (2) with 80-km SMF-28 transmission only, (3) with both 80-km SMF-28 and 20-cm wireless transmission, (4) with 240-km (3 × 80 km) SMF-28 transmission only, and (5) with both 240-km (3 × 80 km) SMF-28 and 20-cm wireless transmission. The BER can reach 3.8 × 10 −3 for all five scenarios. Compared to the first scenario, the second one introduces 1.4-dB receiver sensitivity improvement at the BER of 3.8 × 10 −3 after 80-km SMF-28 transmission, which is because self-phase modulation and fiber dispersion effects caused by fiber transmission make the received eye diagram more open [21] . However, compared to the first scenario, the fourth one introduces 1-dB power penalty at the BER of 3.8 × 10 −3 after 240-km SMF-28 transmission, which is mainly because too long a transmission fiber will lead to a worse optical signalto-noise ratio (OSNR) due to the increased fiber transmission loss. In addition, 20-cm wireless transmission causes 1.2-dB and 1.6-dB power penalty at the BER of 3.8 × 10 −3 in the presence of 80-km SMF-28 and 240-km SMF-28 transmission, respectively. Note that wireless transmission distance can be largely extended if a W-band EA, identical to that adopted at the wireless transmitter, is adopted at the wireless receiver. Also note that the input power into each span of 80-km SMF-28 is fixed at 10 dBm in the measurement of Fig. 3 . A too low input power into the transmission fiber will also lead to a bad OSNR, and in this case 80-km SMF-28 transmission may introduce penalty rather than the aforementioned receiver sensitivity improvement. Insets in Fig. 3 give the captured 5-GHz IF signal spectrum and the recovered QPSK constellation for the 4-Gbaud 80-GHz mm-wave signal after 80-km SMF-28 and 20-cm wireless transmission. The input power into PD is 5.3 dBm, and no bit error is recorded within the collected data.
As a conclusion, we propose a simple photonic vector mmwave signal generation scheme adopting optical ASSB modulation through the use of one single I/Q modulator. The output of the I/Q modulator is one vector-modulated USB (LSB) and one unmodulated LSB (USB), and the two sidebands have unequal frequency spacing from the significantly suppressed central optical carrier. We experimentally demonstrate the generation and fiber-wireless-integration transmission of 4-Gbaud 80-GHz QPSK-modulated vector mm-wave signal adopting the combination of 38-GHz QPSK-modulated LSB and 42-GHz unmodulated USB. Because of ASSB modulation, the generated 4-Gbaud optical ASSB signal at 80 GHz is transmitted over 240-km SMF-28 without optical dispersion compensation.
